Today organic materials are routinely employed for the fabrication of light-emitting devices (OLEDs) and thin-film transistors (OTFTs), with the first technological realizations already having reached the market.
[1] Moreover, OTFTs with unipolar mobility values comparable to those of amorphous silicon (1 cm 2 V -1 s -1 ) have now been demonstrated. [2] Applications impacting display technologies and those sectors where low cost is a key factor and low performance is acceptable include electronic paper and radio-frequency identification (RF-ID) products. In a recent development, OTFTs also exhibiting electroluminescence (EL) have been successfully demonstrated. [3, 4] Organic light-emitting transistors (OLETs) represent a significant technological advance by combining two functionalities, electrical switching and light emission, in a single device, thus significantly increasing the potential applications of organic semiconductors. In particular, if appropriate materials can be introduced, OLETs offer an ideal structure for improving the lifetime and efficiency of organic light-emitting heterostructures due to the intrinsically different driving conditions and charge-carrier balance compared to conventional OLEDs. Potential applications of OLETs include flat-panel display technologies, lighting, and, ultimately, easily fabricated organic lasers. The first OLET prototypes were unipolar transport devices, and recombination was expected to take place in close proximity to the metallic drain electrode where efficiency-depleting exciton quenching is also likely to occur. To avoid this significant device deficiency and to instead generate EL nearer the center of the channel, OLETs with ambipolar charge transport would be highly desirable. Furthermore, balanced ambipolar conduction is crucial for maximizing exciton recombination through efficient electron-hole balancing. Up to now various solutions have been proposed: single ambipolar materials [5] [6] [7] [8] and two-component coevaporated [9] or layered [10, 11] [8]
In this paper we report OLETs based on two-component layered structures that have balanced ambipolar transport and mobility values as large as 3 × 10 -2 cm 2 V -1 s -1 . These devices are realized by sequentially depositing p-type (a,x-dihexyl-quaterthiophene, DH4T) and n-type films (N,N′-ditridecylperylene-3,4,9,10-tetracarboxylic diimide, PTCDI-C 13 H 27 , P13). The combination with the highest mobility and most-balanced transport is obtained with DH4T grown in direct contact with the dielectric. For comparison, we have also employed pentacene in place of DH4T as the p-type material and showed that unbalanced ambipolarity is obtained. Morphological analysis of the outermost and buried layers, performed by laser scanning confocal microscopy (LSCM), allows selective imaging of materials with energetically separated photoluminescence (PL) spectra. Importantly, it is shown that 'growth compatibility' between the n-and p-type materials is essential in forming a continuous interface and thereby controlling the resulting OLET optoelectronic-response properties.
Each OLET material was first evaluated in a single layer in a top source-drain contact OTFT. As substrates we employed heavily doped silicon wafers with thermally grown oxides. Surface treatments such as octadecyltrichlorosilane or hexamethyldisilazane did not result in substantial improvement in the device performance. Parameters such as substrate temperature (T sub ) and evaporation rate were varied to optimize electrical characteristics. The optimum growth conditions were found to be: T sub = 90°C and rate = 0.1 Å s -1 for DH4T, and T sub = 25°C and rate = 0.1 Å s -1 for P13. In when characterized in air, exhibiting low hysteresis and small V p th (threshold voltage for p-type behavior) shifts. V p th typically ranged from -1 to -5 V. In contrast, the P13 devices were more sensitive to air exposure, but rapidly recovered their electrical characteristics on being subjected to vacuum. V n th (threshold voltage for n-type behavior) typically ranged from 10 to 20 V; these are relatively small values, although electron-injection optimization was not pursued. Here we employed Au electrodes for ease of fabrication, although using Ca or Al should result in improved electron injection. [14] The hysteresis and V n th shifts were always greater than in DH4T devices. EL in single-layer OTFTs was observed for P13 but not for DH4T. Since they are unipolar devices, EL is expected to occur at the source/electrode interface by a mechanism similar to that previously established in tetracene-based OLETs. [3, 4] Layered structures were grown by sequentially depositing p-and n-type films. In a DH4T-P13 device, DH4T was evaporated directly onto the dielectric (see schematic in Fig. 1A ), whereas, in the P13-DH4T device, P13 was directly grown on the dielectric. The DH4T-P13 combination exhibited the most-balanced ambipolarity with the highest mobilities (l ∼ 3 × 10 -2 cm 2 V -1 s -1 for both types of conduction). l p (mobility for p-type behavior) did not vary substantially with respect to the single-layer devices, while l n (mobility for n-type behavior) decreased by one order of magnitude despite the fact that P13 growth was carried out under optimized conditions. This is likely to be due to differences in growth modality on a surface different from silicon oxide in both chemical composition and morphology. The ambipolar nature of charge transport can be clearly observed in the output characteristics (Fig. 1B) . Thus, injection of electrons from the drain is obtained for V ds < (V gs -V n th ), where V ds is the drain-source voltage and V gs is the gatesource voltage. At V gs = 0 V, for instance, the drain current (I d ) diverges with decreasing V ds . For decreasing V gs , electron injection from the drain is shifted to lower and lower values of V ds , holes are injected from the source, and I d curves saturate at V ds = (V gs -V p th ), as in unipolar OTFTs. Symmetrically, as shown in Figure 1C , injection of holes from the drain is obtained for V ds > (V gs -V p th ). At V gs = 0 V, I d diverges with increasing V ds . For increasing V gs , hole injection from the drain is shifted to higher and higher V ds , electrons are injected from the source, and I d curves saturate at V ds = (V gs -V n th ). The good balance achieved is best appreciated from the symmetry in the transfer curves obtained in the saturation regime ( Fig. 2A,B) . Under these biasing conditions, electrons are injected from the drain for V gs > (V ds + V n th ), whereas holes are injected from the drain for V gs < (V ds + V p th ). This performance is comparable to the highest performance reported in the literature for the case of pentacene and perfluoropentacene (l = 3 × 10 -2 cm 2 V -1 s -1 for both types of conduction). [11] However, the latter combination cannot be usefully employed for EL applications. It will be seen in the following discussion that in the present case, state-of-the-art ambipolar conduction is accompanied by substantial EL emission. The sequence of deposition can be changed by first subliming P13 onto the dielectric and then DH4T onto P13. However, these devices exhibit unbalanced transport; electron transport is more pronounced than hole transport (Fig. 2C,D) . The transfer curves are not as symmetrical as in Figure 2A and layer is grown under optimal conditions. The reason for this lies in the fact that, after P13 growth at 25°C, substrate heating to 90°C is required for DH4T growth to obtain p-type behavior. This substrate heating reveals itself as detrimental to n-type performance and is equivalent to thermal annealing as shown in Table 1 , where we report values obtained for singlelayer P13 devices maintained at 90°C for one hour after growth.
In Figure 2 , along with the I d transfer curves, we plotted EL data. For structures with DH4T placed at the bottom ( Fig. 2A,B) , EL was observed when holes were flowing through the device, injected either from the drain or the source electrode. In contrast, for P13 placed at the bottom (Fig. 2C,D) , EL is observed when electrons are flowing through the device, injected either from the drain or the source electrode. EL also depends on the device history (number of cycles and previous polarization), particularly for P13-DH4T devices where a large asymmetry was also observed. These observations can be generalized by stating that EL occurs only when the layer in direct contact with the dielectric is conductive. From the energetics of the single materials, the EL emission of the bilayer structure is expected to originate from P13. In order to provide a full explanation for this phenomenon further investigations are required.
One important issue here is to establish the extent of Au penetration into the organic layer. Metal penetration into organic films is common, and various solutions to this problem have been proposed, such as increasing the distance between the crucible and the target or cooling the target. [15] For the fabrication of our devices, the target was positioned at a distance of approximately 50 cm. We also cooled the substrate to liquid-nitrogen temperature. However, no noticeable difference in device performance is observed. A second important issue to be clarified was the degree of interpenetration of the two organic layers. Charge-accumulation regions are localized next to the organic/dielectric and organic/organic interfaces. [16] The former is largely governed by the silicon oxide roughness and, possibly, by the surface chemical composition, while the latter is governed by the morphology of the bottom organic layer. Characterization of such interfaces would be crucial to ascertaining the extent of interaction between the two accumulation regions. In order to explain the variations in the electrical characteristics observed on inverting the deposition sequence in the present experiments, a morphological analysis of the layered structures would be required. However, this can not be achieved by atomic force microscopy or by similar scanningprobe techniques, since they are sensitive only to outer-layer morphology, not to buried interfaces. Therefore, we employed LSCM, in which samples are scanned with a laser and the resulting PL collected. Since P13 and DH4T are characterized by energetically well-separated PL spectra, one or the other material can be selectively imaged. DHT4 PL was collected in the spectral range 515 ± 20 nm, P13 at a wavelength > 600 nm.
[9b] Thus, LSCM allows observation of both the outermost and buried layers. From the PL images one can then deduce the morphological characteristics of the various interfaces. Note that, in the case of DH4T-P13 films, DH4T PL can be partially reabsorbed by P13. However, this would only cause attenuation of the signal amplitude when imaging
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DH4T-P13 DH4T-P13 DH4T films. PL from P13 falls in the red region and therefore is not collected. In Figure 3 , it can be seen from the LSCM images that the morphology of the DH4T film grown on P13 is discontinuous compared to that of the DH4T film grown directly on the dielectric. Dark regions are clearly visible; these regions are assigned to holes where DH4T does not cover P13. Note again that both DH4T films were grown at 90°C. The film texture was even more discontinuous when DH4T was deposited at 25°C. Variations in PL intensity may be due to either variations in film thickness or variations in grain orientation. [17] In marked contrast, the LSCM images in Figure 3 indicate that the P13 films are continuous, independent of whether growth is on the dielectric or on DH4T. Within the resolution limits of LSCM, the morphology is also very similar. Thus, P13 forms continuous films on either silicon oxide or DH4T, but DH4T does not form a continuous film on P13. This result plausibly explains the great differences in device characteristics reported above. Associated with interfacial discontinuity in the organic films is a consequent deterioration in chargetransport efficiency.
To further confirm the importance of the organic/organic interface in the present OLET structure, DH4T was replaced by pentacene as the p-type material. Pentacene is currently the highest-mobility p-type material used in single-layer OTFTs.
[2] Pentacene is also known to grow in a layered manner, forming terracelike structures on silicon oxide surfaces. [18] DH4T is instead characterized by a three-dimensional growth pattern with closely adjacent individual crystallites. [19] Pentacene was first investigated in a single-layer configuration. The optimum growth conditions were found to be T sub = 50°C and rate = 0. Figure 4 . It is evident that, while forming a continuous interface on DH4T, P13 films are discontinuous when deposited on pentacene. The morphology appears to be weblike with empty holes. The continuity deteriorates if the growth parameters are altered, that is, if the substrate temperature is increased above room temperature during P13 deposition. Therefore, choosing two materials to form a smooth and continuous organic/organic interface is challenging, and optimum property combinations are not necessarily obtained by employing materials with substantial mobility values in single-layer configurations alone. For pentacene-P13 devices, EL is also observed. The modality is, however, the same as for devices based on DH4T. Significant EL occurs only when the bottom layer that is in direct contact with the dielectric is conductive.
In conclusion, OLET devices with balanced ambipolar transport have been obtained by using layered organic structures. The molecules employed are DH4T for the p-type and P13 for the n-type layer. The mobility values are ca. 3 × 10 -2 cm 2 V -1 s -1 , the highest reported to date for ambipolar OLETs with balanced transport. Morphological analysis by means of confocal PL microscopy indicates that 'growth' compatibility is required in order to form a continuous interface between the two organic films. This compatibility is crucial to controlling the quality of the interface and the resulting optoelectronic properties of the OLETs. Optimum performance is not necessarily achieved by employing materials with the highest mobility values in single-layer devices. ). Organic films were deposited at a base pressure of 5 × 10 -7 mbar (1 bar = 100 000 Pa), each layer having a nominal thickness of 20 nm, as measured with a quartz-crystal microbalance. Differences in the sticking coefficients at these substrate temperatures can be considered to be negligible.
Substrates consisted of heavily doped n ++ silicon with a layer of thermally grown oxide. The oxide thickness varied from 100 to 300 nm (C ox = 36 and 12 × 10 -9 F cm -1 , respectively). No surface treatment was carried out on the oxide apart from cleaning procedures such as sonication in chloroform, acetone, and ultrahigh-purity water in order to remove possible organic contamination.
OLET devices were fabricated in the top-electrode configuration. The electrodes were made of Au deposited at a base pressure of 2 × 10 -4 mbar at a growth rate of 0.5 Å s -1 with the sample held at room temperature or -120°C. Device geometry factors were the following: width = 10 mm and length = 150 to 600 lm.
Electrical measurements were carried out within an integrating sphere at a base pressure of 1 × 10 -4 mbar using a photomultiplier for EL measurements. Mobility and threshold-voltage values were evaluated in the saturation regime through the acquisition of Locus Curves. When not limited by the contact resistance at the organic/electrode interfaces, they were also calculated in the linear regime from the transfer curves. The results were essentially indistinguishable.
LSCM was performed with a set-up based on a Nikon Eclipse 2000-E laser-scanning confocal microscope working in the backscattering configuration [20] . PL was excited with a 488 nm Ar + laser line. Sample imaging was achieved by rastering the laser spot on the sample surface and by detecting, point-by-point, the sample PL with two photomultipliers centered in the green and red spectral range, respectively. 
